With fluid forming processes getting more and more common in industrial application a lot of research is carried out to analyze the forming behavior of sheet metal within these processes.
Introduction
Motivation. Because of higher requirements regarding the productivity and flexibility of production processes innovative production processes are needed. One technology with these abilities is the hydroforming process in which sheet metals are formed into a rigid die by a fluid action media.
Beside the well known advantages [1, 2] , several restraints are existing for a wider industrial application of high pressure sheet metal forming. These restraints are for example the complex process control and an insufficient experience in this specific forming process.
Most of the work for the evaluation of all process parameters and their influence on a stabilized and optimized process is done by FEM-simulations [1, 3] . The results of these numerical calculations are depending on the choice of constraints which often cannot be determined exactly. Therefore often experiments are needed to verify the results and match them with the simulation.
Idea. An important contribution to improve the basic knowledge about the process and to reduce the ramp-up time could be given by perceptions about the real path of the shaping progress. This paper describes a system which gives the chance to get a direct view onto the workpiece while forming it by the development of an ultrasonic imaging system, which allows getting the geometrical data of the sheet metal under process conditions. A new Method for Sheet Metal Imaging. The technical conditions inside the press makes it necessary to find a contactless. In Opposite to optical imaging systems, the ultrasound technology offers imaging opportunity of sheet metal contours in opaque media and can even be applied within a metallic high pressure chamber, where electromagnetic imaging modalities fail.
Conventional medical ultrasound imaging systems consist of a high number of transducers (sensors) -typical 64…256 -for imaging very small areas -typically several centimeters -which are working at frequencies of 1...13 MHz. Thus, typical axial resolutions (in sound propagation direction) of 0.75…0.05 mm and lateral resolutions (perpendicular to the sound propagation direction) of 1.0…0.1 mm can be achieved. [4] For this special task the resolution will be less satisfactory due to the dimension of the field of view and the sensor array as well as the used frequencies. Knowledge of the target (a priori information) helps to increase the contour detection abilities to the above mentioned values. This a priori information for example consists of the initial and final geometries of the sheet metal and of the boundaries given by the die.
Typical ultrasonic systems for technical purposes (quality control, non destructive evaluation) consist of single element transducers. Possibilities to get geometrical images of specular reflecting metal sheets with sparsely filled two or three dimensional arrays to cover areas up to 0.2 by 0.2 square meters or even bigger have not been explored yet.
Solution Approaches
The first step for this development was the design of a computational simulation system for the ultrasonic fields which are generated by different transducers and transducer settings. This simulations system was implemented by two different approaches. The first way was a simulation by the use of geometrical optics and the second one was based on the wave physic effects. The advantage of the geometrical simulation is the higher speed and the possibility to adjust the setting of the transducer while seeing the result. The disadvantage which is compensated by the physical simulation is the reduced accuracy because special physical effects like deflection, superposition and refraction of the ultrasonic waves were not accounted for.
The results of the physical simulation are exact calculations of the sound field by transmitting a wave which is returning to the receiver after reflecting from the workpiece. These simulation data were necessary to develop and test special algorithms to extract the geometrical contour data out of the raw sound data in the first phase of this project until a test rig for experimental verification was completed. The geometric simulation tool is still used for finding ideal transducer setups referring to the special geometry of the specific workpiece.
The results of the simulation showed that the setup of the transducer, described by the number and the position of the single transducers, takes a significant influence on the result which can be achieved. Also the areas of the workpiece which are most difficult to be imaged can be assigned and special strategies for improving the data sampling could be tested.
After first algorithms for simple contours have been completed, the test rig was installed, enabling the acquisition of real data from a single pair of transducers which were moved into the different positions of a one-dimensional aperture. This strategy allows it to try different types of transducers with different physical characteristics like the aperture -the angle of transmitting or receiving -while taking an image of a 2.5-dimensional contour (contours without any curvature in the y-direction). With this real data it was possible to show that ultrasonic imaging of specular reflecting sheet metals with sparsely filled arrays is possible.
The next step contains the comparison of the different imaging algorithms, to enhance the quality of the imaging results especially for more complex contours and to extend the algorithms to the three dimensional case.
The current work is concentrated on the improvement of the three dimensional imaging and on performing experiments and analyzing the transducer's behavior under high pressure media inside a pressure chamber.
Sheet Metal 2005

Results
First results could be achieved by recording ultrasonic simulations of the reflection behavior of simple 2.5-dimensional contours. On the one hand, these simulations have been carried out to determine the necessary number of transmitters and receivers and the optimal distribution of the sensors for specific parts of the contour. On the other hand suitable sensor geometry for ultrasonic imaging of specular reflecting sheets with sparsely filled arrays could be found. Simulations showed that the results were even better when every section of the contour was covered by many different sensors. So sensors had to be chosen which were able to cover a section as big as possible by each sensor. This could be reached by using transducers which emit a circular wave with a wide aperture of ideally 180°. There are two different types of configurations, which allow an emission of a wide angle. The first actuator shape is a convex hemisphere, which emits directly to all directions inside a cone of an angle of about 170°. The second type has a concave hemispherical piezo-actuator. This actuator focuses the center of the sound wave to one point in front of the transmitting sensor. This place can be assumed as a single point source for the transmitted wave. Transducers with this concave shape can transmit sound waves with an aperture of 120°.
To cover a wide band of geometries, convex, concave and straight slopes were tested and classified by the quality of the reproduction. It could be shown that one of the most difficult sections of the geometry is a straight declining edge as marked in Fig. 1a . Because of the specular reflection it is impossible to get image data directly from edges with an ascending slope greater than approximately 20°. With special fitting of the transducers' allocation, ascending slopes to approximately 40° could be reproduced [5] . Edges which can still not be mapped must be filled with the a priori information or the knowledge out of the joining sections of the contour.
To reduce the costs for the experimental verification, two different constructions were installed. The development of the transducers and the development of the signal processing were separated from each other, so that the imaging tests were done under normal ambient conditions while tests for the physical behavior of the transducers and the sound propagation were performed under high pressure and different temperatures in the action media inside a special pressure chamber.
The test rig for the imaging tests consists of two independent biaxial positioning units and a water tank. This way it is possible to complete the imaging of sheet metal sections of about 300 mm by 400 mm without the need of more than two sensors. The sensor array consisting of several sensors which are used alternately as transmitter and receiver can be replaced by the use of only one active transmitter and one passive receiver which are moved into all different positions. The sensors which are used for the first experiments were two identical Krautkrämer Z2KP14 transducers with a center-frequency of 2 MHz, a relative bandwidth of 85 % and a transmitting angle of 40°.
To get the reconstruction results the sampled data is analyzed in three steps. The basic idea of the algorithm which is used now consists of a pixel-driven two or three-dimensional SAFT-algorithm. The whole space where the sheet metal is estimated is divided into a lot of small squares (twodimensional pixels b(x i ,z i )) or cubes (three-dimensional voxels b(x i ,y i ,z i )). For every pair of a transmitter n and a receiver m the time-of-flight ∆t nm (x i ,y i ,z i ) from the source inside the sensor array to every reflecting pixel or voxel and back to the receiver is calculated. The sampled data from a special receiver is analyzed to get the different time-of-flights and their amplitudes which are computed out of the signal (Fig. 1b) . 
for every pixel/voxel describes the probable location of the contour. This diagram contains artifacts generated by grating lobes and signals which are resulting from double reflection and therefore assigned to the wrong pixel/voxel. To reduce the wrong information in the map, a better signal noise ratio SNR between the real information and the disturbing signal could be achieved by an adaptation of the SAFT-algorithm. This adaptation is based on the knowledge that the ultrasonic wave is strongly specular reflected by the sheet metal. In this case, the angle of the contour at the point of reflection can be assumed by the positions of the signal source and the receiver. Under this condition it is possible to store this additional information in the intensity map by influencing the intensity of the pixels/voxels in the neighborhood of the target pixel (Eq. 2). 
The matrix m angle,nm (x i ,y i ,z i ) represents the locations and the local slope of the contour around the referring pixel/voxel in the advanced SAFT-algorithm where m x , m y and m z gives the size of the cluster in each direction. [6] In the last step the intensity chart must be scanned for the real contour data. This can be done e.g. by simple methods like the column wise maximum search or by special algorithms like snakealgorithms which are able to find a continuous curve [7] . At this point special algorithms using the a priori information or the contour data from the former step are currently developed. 
Reconstruction Results
At first, the reconstruction was done with a complex two-dimensional contour. The geometry that is shown in Fig. 2a had a length of 100 mm and a maximum height of 25 mm. It contains different sections like convex, concave and straight parts which were analyzed by simulation before. It was scanned by a linear sensor array consisting of 21 sensors which were distributed equally spaced. The intensity image maps which could be generated by the adapted angle-weighted SAFTalgorithm with different sizes of the matrix m angle,nm show the improvement of the SNR by up to 15 dB which makes the contour extraction significantly better (Fig. 2b) . Figure 2c shows the comparison between the real contour and the reconstructed geometry. For most parts of the contour the reconstruction error is less than 0.5 mm. Only the straight part with the angle of 60° which was estimated as the most difficult part in preceding the simulations shows an error of 2.5 mm (marked by grey background in Fig. 2d ). This error depends on the missing data because a direct reflection between sensor array and the geometry with the used sensor is impossible. This error can be reduced by using sensors with a wider angle and by shifting the space of the sensors. Even in the specified setup the medium reconstruction error is less than 0.35 mm. Actual experiments are carried out with full three-dimensional reconstruction tests. First results show the reconstruction of simple geometries like a pyramid frustum as shown in Fig. 3a . The used test geometry has a size of 200 mm by 200 mm and the frustum itself is 100 mm by 100 mm by a depth of 40 mm. The angle of the four sides is 40°. This geometry was scanned by an equal spaced two dimensional sensor array of 10 to 10 transducers.
The reconstruction was done by a column wise maximum search including a median filter. The error distribution over the surface of the frustum is given in Fig. 3b .The basis of the sheet metal and the top of the frustum could be recognized well. The medium error in these parts is about 0.5 mm while the error in the area of the sides of the pyramid rises up to 13 mm at single points. Nevertheless the medium reconstruction error is less than 1 mm for the whole geometry. The reason for the significant higher errors in the area of the sides and the corners is the median filter that is used. This filter is not able to react on edges, so that especially the four corners could not be recognized and calculated well. These problems will be solved by using an active contour model like the snake-algorithm which was used for the two-dimensional case. Fig. 3 . Results of the three dimensional reconstruction of a pyramid frustum. The edges of the frustum were not be reconstructed with a high accuracy because of a medium filtering process.
Active three-dimensional contour models will reduce the maximum error significantly.
Summary
The possibility of geometrical reconstruction of sheet metals by the use of sparsely filled ultrasonic arrays could be presented. The development of a special adaptation of the SAFT-algorithm and suitable contour detection algorithms leads to a significant increase of the quality of the reconstruction. The medium reconstruction error of less than 1mm is sufficient for the imaging of complex 2.5-dimensional geometries. The imaging of three dimensional parts could also be performed and first results for the ability of reconstruction with certain algorithms were presented.
